Regular physical training is associated with several physiological alterations in cardiac structure and function to promote a substantial and sustained increase in cardiac output during intensive exercise. Increased cardiac mass, chamber size, left ventricular wall thickness, stroke volume and enhanced diastolic filling are well established features of the 'athlete's heart'. Large echocardiographic studies in athletes have shown that the majority reveal modest increases in cardiac dimensions compared with the sedentary population; however, both qualitative and quantitative differences in cardiac dimensions among athletes are governed by several factors including age, sex, size, ethnicity and the type and intensity of the sporting discipline. A small proportion of male athletes engaging in endurance sports and black men engaging in sports associated with explosive bursts of sprinting may develop a substantial increase in cardiac dimensions that overlaps with cardiomyopathy.
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Over the past two decades, there has been an exponential increase in the utility of cardiovascular magnetic resonance (CMR) imaging for assessing athletes with marked repolarisation changes on the ECG and those with cardiac dimensions exceeding normal ranges, particularly with respect to left ventricular wall thickness. 1 CMR is recognised for its superior temporal and spatial resolution and its ability to provide detailed characterisation of the ventricular myocardium. Functional cine CMR sequences permit accurate quantification of left and right ventricular volumes and left ventricular mass (LVM). CMR with gadolinium contrast bolus provides the unique ability to detect myocardial inflammation and fibrosis. T1 mapping enables the detection of interstitial fibrosis and T2 mapping is invaluable for detecting myocardial oedema in athletes with myocarditis. Other uses of CMR include stress perfusion for the assessment of myocardial ischaemia. Given the large number of athletes being subjected to CMR, there is a clinical necessity to provide normal CMR values for cardiac dimensions in athletes that account for various demographics that impact on cardiac size. In addition, CMR has the potential to provide an in-depth understanding of mechanisms for cardiac enlargement, but probably more importantly to assist in the differentiation between physiological cardiac enlargement and mild or subtle manifestations of cardiomyopathy, especially in the absence of myocardial scar.
Previous CMR studies in healthy athletes have been confined to white men engaging in a limited number of sporting disciplines, making them difficult to generalise to all athletic populations. 2 In a recent meta-analysis involving 983 healthy male competitive athletes aged between 18 and 55 years, D'Ascenzi et al. provided 5th and 95th percentiles for absolute and indexed ventricular volumes, ventricular mass and ejection fraction. 3 Athletes, particularly those participating in endurance sport, showed larger mean ventricular volumes compared to non-athletes. Irrespective of the sporting discipline, athletes with the largest training volumes also had the largest right ventricular volumes and lowest ejection fraction compared with nonathletes. A major limitation of this study was the exclusion of four important subsets of athletes from the meta-analysis, notably adolescent athletes, female athletes, non-white athletes and athletes engaging in purely isometric sports.
In this issue of the European Journal of Preventive Cardiology, Csecs et al. 4 aim to bridge part of the knowledge gap by reporting the results of CMR findings in 327 apparently healthy white athletes, including 112 (34%) adolescent athletes (14-17 years) and 85 (26%) female athletes, to investigate the influence of age, sex, body size, sporting type and training volume on cardiac size and function. Adult athletes and adolescent athletes trained for an average of over 20 hours and over 13 hours, respectively. Athletes participated in a mixture of sporting disciplines, but adults predominantly engaged in endurance sports (n ¼ 97) and mixed sports (n ¼ 96,) whereas adolescents mainly participated in the mixed sporting disciplines (n ¼ 93). There were not enough subjects in skill and power sports to draw accurate powered conclusions. The findings of this study reinforce currently available CMR data in athletes; both adult and adolescent male athletes showed larger mean ventricular volume and ventricular mass compared with female counterparts (P < 0.05). Adult male athletes demonstrated a lower left ventricular end-diastolic volume (LVEDV) to right ventricular end-diastolic volume (RVEDV) ratio compared with women. Male adult athletes also showed a greater magnitude of left and right ventricular hypertrophy as represented by lower ratio of LVEDV/LVM and RVEDV/right ventricular mass (RVM) compared with women. These sex differences have been well established with echocardiographic studies and probably reflect the higher lean body mass and ability to exercise to a higher work load in men. Interestingly, both female adult and adolescent athletes revealed a higher LVEDV/LVM ratio, indicative of eccentric hypertrophy, compared to male adult athletes. These findings also corroborate with a large echocardiographic study by Finnochiaro et al. of 444 female athletes, which demonstrated that women generally show normal ventricular geometry or eccentric hypertrophy. 5 Concentric left ventricular hypertrophy is uncommon in female athletes whereas both concentric left ventricular remodelling and concentric left ventricular hypertrophy are recognised in male athletes. Higher circulating endogenous androgens and higher blood pressure responses to exercise in men are a likely contributing factor to ventricular hypertrophy in men.
Adolescent male athletes revealed small cardiac dimensions and lower ventricular mass compared with adult male counterparts. There are several potential explanations for this observation, including physical immaturity, lower lean body mass and therefore the inability to train as intensively as adults and a smaller duration (in years) of intensive training. Adolescent male athletes in this study showed balanced biventricular dilation whereas adult men showed a greater increase in the RVEDV. We believe that the most likely explanation for this observation is that a considerably larger proportion of adults engaged in endurance sport compared with adolescent athletes; there is emerging evidence that the right ventricle is subjected to a relatively greater afterload than the left ventricle during sustained exercise. 6 Interestingly, there were no such age-related differences among female athletes. Both the left and right ventricular volumes and ventricular mass were similar in adult and adolescent females but it is unclear whether such comparisons are valid considering that adolescents constituted only 18% of the female cohort.
Among adults, determining factors for increased ventricular volume and mass included male sex, older age, larger body surface area, increased weekly training hours and mixed and endurance sports. The combination of sex, age, training volume and mixed and endurance sports explained almost 30% of the variance of left and right ventricular dilation and as much as 50% of left ventricular hypertrophy. Among adolescent athletes, male sex and training volume predicted ventricular dilation and hypertrophy; age and body surface area did not influence CMR parameters. We suspect that investigation of a larger cohort of adolescent athletes may have shown that both age and size also impact on cardiac dimensions in adolescent athletes as shown in previous echocardiographic studies.
Although the number of athletes in this study would be regarded as small compared to existing echocardiographic studies, this is a respectable number for a CMR imaging modality to provide some essential information on the determinants of cardiac dimensions and mass in elite athletes. An important limitation of the study was the inclusion of only white athletes, especially as black athletes demonstrate the greatest degree of left ventricular hypertrophy that may overlap with hypertrophic cardiomyopathy.
The unique ability of CMR is tissue characterisation with both late gadolinium enhancement and T1 mapping to detect myocardial fibrosis. There are emerging reports that between 11% and 17% of master athletes show major focal fibrosis. Furthermore, 40% demonstrate minor focal fibrosis in the right ventricular insertion points. 7, 8 In this study tissue characterisation with late gadolinium was not possible and this was a lost opportunity to study the age of onset of myocardial fibrosis in some athletes or to examine the impact of specific sports in promoting fibrosis.
The absence of late gadolinium enhancement does not always exclude pathology and in this regard novel techniques such as T1 mapping and assessment of extracellular volume (ECV) may provide quantitative assessment of myocardial composition. Small studies examining the role of T1 mapping in athletes have demonstrated an inverse relationship between ECV and left ventricular wall thickness. 9,10 Athletes with left ventricular hypertrophy have a lower ECV than non-athletes suggesting that physiological left ventricular hypertrophy is due to myocyte enlargement. In contrast, pathological left ventricular hypertrophy of hypertrophic cardiomyopathy shows a proportionate increase in ECV, indicating that interstitial fibrosis contributes to cardiac mass. Such techniques are being increasingly utilised in CMR units and will play a pivotal role in our understanding of left ventricular hypertrophy in athletes.
Despite the limitations of this study, Csecs et al. 4 should be commended for providing additional normative CMR data in both adult and adolescent male and female athletes. This study confirms that adult male athletes engaging in the endurance sports reveal the largest cardiac dimensions and women show eccentric rather than concentric hypertrophy. Sports cardiologists are increasingly reliant on CMR for the assessment of athletes. Although several small and moderate sized studies are contributing to our understanding of the magnitude of absolute and indexed cardiac dimensions in athletes (Table 1) , the current era calls for multicentre registries that include large cohorts of multi-ethnic male and female athletes who engage in a large variety of sporting disciplines.
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